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"Light, " Potter said firmly, 

"Light sail!" Pod shouted in- sudden realisation. " Good 
thinking." The whole bridge erew turned-to look at the 
Captain, "Renner! Did you say the intruder is moving faster 
than it ought to be?" 

"Tea, sir," Benner answered front his station across the 
bridge. "If it was launched from a habitable world circling 
the Mote. " 

"Could it have used a battery of laser, cannon? " 

"Sure, why not?" Renner wheeled over. "In fact, you could 
launch with a small battery , then add more cannon as the vehi- 
cle got farther and farther ctway . You ge.t a terri fic advan- 
tage that way. . If one. on the cannon breaks- down you’ve got it 
right there in your system to repair it." 

"Like -leaving your motor home Potter cried, "and you still 
able to use it. 

"Pell, there are efficiency problems. Depending on how 
tight the beam can be held," Renner, answered. "Pity you 
couldn't use it for braking too . .Have you any reason to be- 
lieve-" 

Rod left them telling the Sailing Master about the variations 
in the Mote. For himself, he didn'-t particularly care. His 
problem was , what would the intruder do now? 

It was twenty hours to rendezvous .when Renner came to Blaine’s 
post • and asked to use the Captain’s screens. The man appar-. 
ently could not talk without a view screen connected to a 
computer. He would be mute with only his voice. 

"Captain, look , " he said, and threw a plot of the local 
stellar region on the screen. "The intruder came from here. 
Whoever .launched it fired a laser cannon, or a set of laser 
cannon-prob ably a whole mess of them on asteroids, with mirrors 
to focus them- for about forty -five years , so the intruder would . 
have a beam to travel on. The beam and the intruder both came 
straight in from the Mote." 
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From, “The Mote in God's Eye" 3 
by Larry Niven and Jerry PourneUe 
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I. INTRODUCTION. 


Although the concept of interstellar travel has tantal- 
ized the imagination of many a scientist and science fdction 
affici.on.ado, it has not fared very well when subjected .to 
quantititive scrutiny. A few serious ide.as have been pro- 
posed. which may lie within both the realm of known physics 
and the range of possible technology. ..... There is no denying, — 
however, that the task of. sending a probe even to the near- 
est Stars will be. Supremely difficult. 

To establish aJi-iStori cal.. .Context , it is i nteresti.ng _to 
consider two previous ideas for . i nters.tell ar probes which 
have been proposed as margi nal ly . feasible within the next 
half-century or so. In 1962, Spencer and Jaffe 1 of JPL 
pointed out that the same advantages • whi Ch accrue from 
u-sing multiple Stages for chemical rockets can. be useful ly 
exploited in rockets .propelled by thermonuclear fusion. 

Even ..though -the mass ratio (and, presumably, the cost! ) - 
would b-e._very large, they reached.jthe important conclusion 

that a five Stage fusion rock£.t__cou 1 d .send a one-way probe 

to. Alpha Centaur i in Jess than ten years. NumerouS.other 
interesting possibilities a.re raised by the Spencer, and Jaffe 
oaDdr. which should have attracted wider attention than it did 
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Later', In 1968, Freeman Dyson 2 , examined the_use of nuclear 
explosions for propelling enormous starships slm.llar.ln concept, 
to the. Orion ships studied in S-ome detail .(c. $10 ,0.00 ,000) by 
the Department. of Defense In the early 1960 ' s . He found that. 

5 

3 x 10 . one-megaton nucle.ar devices exploded at the focus of ah 

enormous paraboloid could propel a craft weighing some 10 5 tons 
at an opti urn. mean mission velocity of 10,000 Km/sec. Thus 

many nearby stars could be reached by 1 arge crews of explorers on 

voyages lasting a few. Centuries-. It has_been ...argued that SuCh . 
an expedition Could foil ow ..n.atu rally Jxom the space colony 
concepts now being considered . . Dyson pointed out_the 1.m-. 
p_or„tant result that good energy .ef.fi ci ency U. > 5055 ) is. ob- 
tainable with a ,S ingle-stage ship and a. reasonably small, 
mass ratio. (R < 4) provided that the mi.ss Lon ..vel oc.i ty . V is 
significantly, less than th.e maximal exhaust velocity U (say 
V < 3U/4), This conclusion is universally appl i cab! e ; and , 
of course, it implies the need for the maximum .possi bJ e 
exhaust velocity. Ideally the most efficient possible ex- 
haust, product would thus be photons., for which U = c , where 
c is the speed of light. 

Although photon propelled "rockets ". have been discussed 
for some years, their exploitation probably would depend 
upon the efficient harnessing of matter/ a_nti -matter anhi hi - 
lation. It seemis safe to assume that this accomplish meat. 

1 i-es far in the future. Another idea for ph.oton propulsion 

2 . . 
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has lately evolved, however, which may hot be qujite so 
fantastic. Thi s . i s - the.. concept of launching Comparatively 
light-weight light sail probes to nearly relativistic velo- 
cities using enormous lasers in cis lunar. Space. This would 
perm.it most of the capital hardware to remain near to the 
earth, where it could be frequently reused or perhaps em- 
ployed f.Or other projects, thus relieving many of the cost 
constraints,... 

To our best knowledge, the proposal that high energy, 
lasers (here.after sometimes called HELS) might be .us.ed to 
propel light sails was originated in the science fiction 
novel, "The Mote in God's Eye" 3 * Upon reading that story., 
the son of one of the authors of the present paper requested 
Verification that such a propulsion scheme is possible.* 

This query led to the work reported here. 

It has been only three years since Geral d .0 1 Ni el 1^ 
proposed the construction of enormous coloni.es .in space. 

Now., this project is widely regarded as. being, not only 
feasible but probable on a time -Seal e -0.f_e few decades. 

The present authors and their colleagues at W. J. -Schafer 
Associates have Shown- that 1-aS.ers may play a key_role.in the 
construction of such space colonies because of the economies 
which can re.su.lt from—using 1 as.e.rs to propel rockets using 
hydrogen as a reaction mass. In fact, it can be shown that 

* Richard Rather -- private communication 
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Gigawatt (10 watt) HELS can .deliver millions of tons of 
material from the earth's surface to -high orb.1t. more effi- 
ciently than any other means now being Contemplated. . Hence 
one "dedicated Grand Coulee Dam" could power the laser system 
which could build the space colony. 

In a future where laser propulsion and huge space col oni es 
become commonplace, it will not be unthinkable to step up to 
projects such as the laser propelled light sail. It is even 
possible that laser-light sails coul d. provi de a key link in 
colonizing the s..o.lar system because of greatly reduced travel 
times and payload limitations. Beyond, the sol ar system, the 
need for interstellar probes wlll.be guided by the findings of 
astronomy and the -S . E .T . I . 'Search for Extraterrestrial In-, 
telligence) programs over the. next two or .three decades. We 
shall outline. in this paper some possibi 1 i ties for such mis.sions 
It will be shown that the Laser light sail concept is probably 
feasible for..one-way„f ly -by probe missions, provided that 
certain key techno.l ogi cal advances can be achieved. 



n. rules of the game 


to debate -the -possible efficacy of lasers for light. sail 
propulsion, we must probe well beyond the bounds of present 
technology. ..It is. possible, however, to make some predic- 
tions of those technological facets of the conceptual design, 
that will be most tractable and those that .will not. Accord- 
ingly,. j n this section we will attempt to set some reason^- 

able boundaries for the-4>roposed system before beginning our 
eval uati on... 

A. The Sail 

An obvious point of departure is the characterization, 
of the sail itself. A. strong upper .1 imit on the capa- 
bilities, of the sail is set by, the need for it to survive 
the very intense photon flux which .must impinge upon its 
shiny .surface continuously for-a year or more. Regard- 
less of what material. is chosen for the sail, .it must be 
able to transfer all absorbed energy from the back of the 
sail (the side being irradiated) to the- front, side, whnre 
it can be radiated -away to space. Hence the thermal diff- 
usion time must be short, and the thermal loading must not 

6xC6ed the dama 9 e threshold of the material. To minimize 

absorption, .the back side will be. coated with materials 
which are_as~ref1ecti ve as possible at the wavelength of 


5 . 



the . 1 as or , hopefully apprOaChi ng 9 9 'f. refl ecti v* ty_ The 
front side will.be black to provi do .maximum radiative 
cooling. The heat loading problem may be described as 
f 0.1.1 ows : 

The time, At , required for heat absorbed at tlte_Jxack 
side of tire sail to redc.li. the front side is governed by. 
the thermal diffusion Constant, K , of the material, for 
a sail of thickness Ax, the relationship is 


( A x) * = 4KAt 



Materials of thickness 0 . 1 mil (i.e.. 2 . 54rm)and. having 

2 n 

typical thermal diffusion constants K b .10“* cm" /second 

_G 

give values of Atx 5 x 10 seconds. This means that the 
heat is- transferred almost instantaneously to the front 
ofL_the sail-. Hence the -key requirement is for efficient 
radiation. at the front side. 

The energy absorbed pet' unit area is related to the 
incident irradience by 

^ absorbed ° a ^incident . , 

where, for 99% reflectivity.^-** 0.01. 

In equilibrium, 

E ** E 

radiated absorbed. 



and thus,. assumi ng. bl ack body radiation, 

^radiated “o’ T . 

<< 

* ' ^incident * 0 '^ (?) 

where. 0b 5.67 x 10-o. j/ nl /°k /second. 

HfcnceJt can.be seen that a sail which. can withstand 
temperatures of only 3 7-3 0 K (100°C) can handle incident 
fluxes no larger than loNvatts/m* , while a sail that can 

sustain temperatures of 750°K (477°C) can tolerate 1.5 

, „ e s 

X 10 watts /in . 

The weight of the sail material is, of course, another 
critical- factor. The sail, must be as light as possible 
Consistent with the thermal constraints and the mechani- 
cal loading caused by the payload.. Although materials 
such as tantalum, nickel, and gold have excel lent .thermal - 
properties and are extremely, malleable and ductile, they 
are quite dense. In order to keep the weight .reasonable, 
these -materials would have to be formed into foils much, 
less than 1 micron thick. Such foils are extremely_fra- 
gile. -- By comparison, 0..1 mil (i.e. 2.5 micron) thick 
aluminized Kapton,_a polymer material now under considera- 
tion. for Sol ar prope11e.d light sails, is some ten to 
twenty times lighter, pe.r unit volume, and very resistant 
to tearing. On the other hand., KaptOn has a much lower 
melting point. 



A neat resolution for this cH 1 enniui nwiy.be found In 
vory thin composite materials made fronug ra ph 1 to fibers 
Such materials are both lightweight and vOaiy strong. 

In addition, they have a_me1ting point which is quite 
high, .Curiously,. graphite also has very high thermal 
conductivity and readily accepts metal . Coati ng . Hence. 
it seems to moot all of the he-Ces-sary, Or-i t.e r j g . 

As a working hypothesis we will assume the use of a 
1 uni thick graphite composite which weighs 1000L k g/krn 2 . 
From User vulnerability studies we can estimate the 
maximum permissible heat load (i,e, absorbed heat flux) 
to be ^10 4 watts/m\ * This sets a strong upper boun.d ,o.n 
the ultimate performance achievable by the lig.ht sail, 
because it essentially establishes the maximum thrust 
per square ineto-r that can be delivered by ttie laser. 

® • I n to rs t e 1 1 a r. D r a g Forces . 

Another property of the sail itself which must be 
considered is its resistance to the interstellar gas 
particles which id encounters as it proceeds along its 
path. . This may Seem strange because we are accustomed 
to thinking of interstellar spa.ce as a. nearly .perfect 
vacuum.. Indeed, the interstellar gas contains, on the 
average, only about ten neut.ua 1 hyd ro.gen._a toms per cubic 
centimeter and, perhaps, two neutual helium atoms.. All 
otlter atomic and molecular Species have concentrations 


* ™ s corresponds to incident irradiance T = iq 6 w /m 2 
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, t velocities Of interest 

Whi ch aretOnerably • At ; w , u „ of spece 

for Interstellar-Probing. however ^ 

sw ept out by the sal! eacli second. Is . • 

, H , ,-ressure 00 the sail is toe . 

/ 'suffered by all atoms Incident upon unit area 
“ time the atoms bury themselves, in the sail. 
in “ 's movinp muc, faster than the thermal velo- 

because it is mov Hence, the total 

city of the particles In the gas 

Change of momentum, op . 1S 9 lve " y 

OP v Nm H v s 

s s the mass of a hydrogen atom,v s ^ the vel °’ 

Whe " " , a n d N is the number of atoms -encoun- 

City Of the sail and N .s 

tered by the Sail P,er second: 

N *_.A$ x p x v s 

, the gas density. 

* thp <ail , and p is tne y° 

A ... is the area of .tne s 

Therefore: ^ 

Ap = A s pm H v s * 

• «. this equation, one finds for 
substituting numbers into u back pressure 

a velocity of 0 . 2 c. the-sur.pnsing S 55 „„,i„g 

#f so Newtons per sguare Kilometer of sail 

that the atoms are stopped by th* > »»” 
tf bhe foregoing Pressu e t y 

u hP difficult to acniev 

think that It wou 1S not th4 case, how- 

velocity. by photon pressure. ^ . 

ever, because It will be. seen b,l.ow Hat 
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sure Is actually quite large enough to dominate the„drag 
from the gas. Surprisingly , the situation is made even 
better, by the Interesting fact that the sail would become 
transparent to hydrogen atoms at the speeds of Interest; 

The rest energy of hydrogen atoms 1 s-Sl l.ghtly less 
than 10 9 electron volts. (931 MeV) . The klnetd-c energy,. T, 
o-f a particle at any velocity Is .given by 

T =• m(l/Jl-g 2 ) 1 / 2 -i) t 

where m is the., rest mass and 6 =v/c. Referring to Figure 
1, we.-.see. that- even at a "modest" speed of 5 x 10~ 3 c 
(i.e. 1500km/sec) the particle energy is already up to 
to 10 KeV. 

Data from collision cross-section measurements for 

laboratory ion sources is available, for many materials. 

The stopping range for hydrogen atoms penetrating lightweight 

composites is very long. In the energy range below lOKeV 

there is undoubtedly a significant dE/dx loss in graphite. 

At energies . above lOOKeV , however , the particles would 

pass through the material virtually unimpeded. This 

corresponds to a velocity of 0.015. c, or 45U0 km/sec. The 

resistance, force would probably never exceed, 10" 3 Newtons/ 

km of sail area at any velocity, and thus is. ignorable in 
in our calculations. 

C . The Laser Devices 

The properties of the proposed hardware for delivering 
energy to the sail are sufficiently horrendous at first 
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glance to be dangerous tor the weak-hearted! Laser 
powers In the hundreds of Gigawatts must be contem- 
plated. (Present technology Is pushing toward the 
hundreds of Kilowatts regime). Nevertheless, when we 
consider the history of technological progress in the 
past forty years, i t is entirely reasonable to assume — 
that powers at least. in the hundred Megawatt regime will 
be available by the year 2 jOOO. We muSt_then consider the 
feasibility of using tens or hundreds of such, lasers in 
parallel to achieve ..the required power level. It will . 
be seen tiiat this "ganging" concept, fits w.el.l with the 
need for an extended, systhesized projection aperture 
to be discussed below. Fi gure_.2-.shov,'S a conceptual 
design. far a solar powered space. 1 aser proposed by 
one of the a.u.tb.ors (JDGR)_ for another application. 

This so-x.al led "STAG" device exemplifies one of the 
elements of the proposed projector : ...A "light bucket" 
approximately 250 meters in diameter. delivers solar 
energy. to a hypothetical closed-cycle visible light 
laser which produces a_continuous coherent .output power 
of % 50 megawatts. The laser beam is expanded and trans- 
ferred to a mul ti -faceted .projection aperture 50 meters 
in diameter. The facets are driven by piezo-e.1 ectric 
transducers to. achieve full wavefront control in the 
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mamior o~l_ a phased microwave array, (Small control 1 o d. 
phasol root devices of this sort, already exist (e.i. ft of. 
l ’)‘ hit traction limited optical apport.urOs 30 meters 
in diameter have. already been studied by NASA ( It e f . u ) 
and have been found to he feasible.) 

1 h 0 s T AG G °vi c e d es c r 1 b e d a b o v e w o u 1 d c om p r 1 S e o n e 
e 1 0 me IV t; 0 f a 1 a r y a d 1 s t r 1 b u t e d a r r ay o f p r o .lectors. 

11 a total power 01 100 GW were royui red to power the 
liyht. sail , 2000 of d.hese devices would have to be phase- 

locked together by laser reference beams. The nearly 
1 i 1 1 ed Synthesized aperture thus resulting would be a 
co-orbiting array some 6 kilometers in diameter. Such 
an array could project a low-los-s nearly \i i ffracti on- 
limited beam -to a 1 . 3 . km di ameter ( 1 . c. lkm ? ) ll.ght- 
sail a~t a range of 2 x 10 11 kilometers. The equation for 
the- transfer of nearly diffraction-limited gaussian beam 
( t r u n c a t e U a t 1 / e “ p o i n t s ) f r o m a p r o j e c t o r a p e r t u re o f 
effective diameter n p to a light sail of diameter P.. is_ 
Vs , 

U s . 

where R is the- range. This becomes 
Vs 11.3 x 10“' R 

tor a wavelength of 0.5-um.- Although, the flux on the sail 
decreases inversely with the~-sgua.ee of the distance beyond 
the l-resnel zone, a.ppre.ci db-1 o power will be . transferred to 
ranges exceeding 10 M Km. (See text below and figure i, ) . 

l) * Assuming that -the ability to generate 

and project sufficient photon flux to power a light-sail - 


can bo achieved, there SUIl remains the problem of kee 


e p i n g 



the light on the sail at vast ranges. Clearly, a 
pointing, accuracy of 'vlO- l? radians r.m.s._is required 
at a range of 10* 1 k m . this might be impossible to - 
achieve-lf It were not for tire fortuitous circumstance 
that the target star would loom large and bright in the 
field of view of -the projection optics. It should be 
possible to sense an image of the star at the focal point 
of- the projection system and to maintain a precision bore- 
sight on. the star's center because of the excellent photon 
statistics available. Then, the light Sail itself could 
take care_of the fine pointing by simuply riding the beaut. 

In fact, the S-ail might be shaped so as to be self-center- 
ing, and dynamically stable. 

T-he combined interactions of laser power, projector 
size, sail size and. pointing accuracy are shown in the 

carpet plot" of Figure 3 

E . V e 1 o c i t y . 

lii til all of the foregoing assumptions, it will be 
seen below that it is still di f f i. C u 1 1_ to launch a mas- 
sive probe at speeds sufficient to -reach the nearer stars 

in less than a human lifetime. An upper limit to creda* 

bility is reached at a velocity of abeut._0 . 2c , which 
would permit reaching Pjioxima and ct Centauri (A S B.) in 
22 years... To send a 10 ,000 Kilogram probe on -this misS-iOn 
would require a total energy of 1.8 x 10 1 ° Joules, which 


oq u at os, in mid oar parlance, to 4 b Megatons of energy . 

This corresponds t o a t Pans for of 6700W years of laser 
powo r . 

Tho d I f f 1 cu 1 1 1 os of ro aoh 1 iig Odx aro so great that 
it; is an idlo pursuit to i nvest 1 gate Poaching higher 
velocities by tho Tight sail method. At Ode, reldtivis- 
t: i o cor r o c t i o n S t 0 t h o v o 1 o.C i t y and in a s s a m o u n t t. o o n 1 y . 

■v ; v *t. . Wo Shall, consequently . ignore relativity in our 
c a 1 c u 1 a t i on s . 

Another reason for ignoring higher vol oei ti OS . 1 s 
that-, without s onto* moans- for slowing the probe as it. 
approaches tho t argot star, the encounter time becomes 
too short. At Ode a probe, would traverse out solar sys- 
t o m i n a b o u t -b 0 h ours. 1 h o m o s t i m p o r t a n t, d a t. a o n t h o 
charaCtorist i c.s of tho terrestrial .planets would have. to 
bo acquired in appraxlma tely hours, which is difficult 
b u t: n o-f. i m p o S s tb_Le . 

F . Pro be Mass .. 

To stay within the bounds of reason, the total mass 
of the payload plus light Sail Should hot- exceed 10,000 Kg. 

The weight must o 1 o a r 1 ydie ko-p-t to a minimum. Assuming 

continuing pro-gross in mi cr-o-mi n i atur i rat i on of electronic 

and computer components , i f. aloes not sooiii unrouS on-able— 

t hoi .-p-uolio-s-avo i gh i ng a few thousand Kilograms could 


return much useful data. It Is particularly inter- 
esting to consider using the light^sail itself aSa 
hu-g.e transmitting antenna to greatly reduce the needed 
transmitter power to- return the data to the earth. 

G . Radiation Shielding 

Referring, again to Section IIB. and Figure 1, we 
see that the scientific payload of a probe, moving at 
the velocities of interest will .be subjected to a con- 
stant flux Of very energetic particles. At 0.2c, 6_.x 

10 atoms/m /second having energies of about l0 7 eV will 
impinge upon the $ai 1 (and.,, presumably , up„on the payload) 

ThiS-.could be a. serious problem for microelectronics 
intended to operate fl awl ess ly for some 30 years.! 

It appears, h.owever, that, this problem could be Sur- 
mounted i n_a. .s t r a i g h t f o rw a r d way:. 

It has already been shown that most of the neutral 
atoms encountered in instellar space will pass thrducih 
tfie light sail with small dE/dx energy losses. Exper-- 
ience with 1 ab oratory . i on sources shows that the princi- 
ple resuJ t- w LI 1 be simple ionization of the -atoms which 
penetrate, the sai 1 . The recombination time -for— the re- 
sulting charged nuclei and electrons will be quite long 
because of- the- long. mean free paths and low c ol 1 i s i an 
frequencies. Hence, the payl_oad will encounter essen- 
tially only protons and electrons, provided that it 
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re " #ln& 11 Pi,SU<01 ' suc " «« a-11 parties, 
t h. rough the sail before reaching it. It. Is easy, the 

° “ PUy * SUPiM - C0 " l1 " Ct ,''° «■" <•' the prone t0 pi . 0llu 

| “ 9 "'t' C f ’ 0,d t0 S,ul " t the-charged -particles past 

'e-payload. A Cover design might even use the 

current of charged parti ripe tn 

P ,tlcles t0 9ene rate power. to.re- 

generate the magnetic field or trirk-i* i 

O' tn cue -charge batteries 


H< Wavelength 

e "' Pty SPaCe the diM6tef ‘ of the focal spot, d 
U re,at0<1 t0 t,1e Projector diameter, o 0 , by 

r v - 


°s = 2 


■44AR, 
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R ««■ to the sail, at, t the irradience. 

’ *rr.dl,nt flux density impinging P1 , t| , e Saj 

’ S '' G ' ated t# Power transmitted „ f . hv 

A h t ’ 
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whence , sobs ti tuti „g , we get 




l...n.a) Pj o; 

fcir.VR* 


^-nce the irradience is inversely proporti onal .to A\ 
"an see later how the irradience is the critic, 
determining acceleration. Thus, there is. an 

° V '° US "" d * P UU ' shoi ' tL ' u Possible wavelennH. 


•Presently th.c*~h1 ghost energy lasers avail-able, 
operate at wavelengths of-3.X, 5.0 and 40.6 pm i.n.. the 
infrared- There are numerous major research efforts to 
develop shorter wavelength II ELS., however-. It is reason 

able to assume _th.at these efforts will succeed within 

th-e -next decade Or so. Ileace, we feel that we can .... 
safely anti ci pate_.the availability of 1 a$ers. yielding 
tens to hundreds of megimatts. at 0.5 um.(i J e. visible) 
by the early 21st century. While shorter wavelength 
operati on _wi 1U undoubted ly .be acln'e.ve.d. eventual ly., the 
adv.an.tages for light sail .propulsion may be insignifi- 
cant. The reason for this is that the photons would 
become so energetic that -they, would .penetrate the shiny 
metallic sail coating., producing surface damage and 
much greater heating of the sail material. .We shall 
therefore assume a wavelength of 0.5 pm for our re- 
mai tii ng del i berati ons . 


ANALYSIS 


Any mi is i on involves the following parameters : 

X s total distance to be traversed.. 

X a = distance traversed during acceleration 
(i.e, required range of laser). 

P L = total power delivered to sail by laser. 

ta = time. elapsed during acceleration (,i.e. 
required 1 aser on-time) 

t = total trip time assuming no deceleration 
at destination. 

V a * velocity at termination of acceleration. 
Then, it is easy to see that (.ignoring relativistic 
effects ) : 

X = V_at a 2 + V. a (t-t a ) 

Or, substituting V, = at s 

a a * 

x = at a". + at a ( t~ t a ) 

X = at a t - t at a 2 . 

Now, since X a = at/ , we have 

X -* at j ^ x a - ~Xa 

So, the key e qjjjl t ion for the trip may_.be. written 

x = t JI7T a - X. a 
Also,. from equation 2 , we have 

(at/ - (at Jt + X * 


0 
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II o n c 6 , 


from the quadratic formula, 


atq 


t 




Thus the maximum velocity, is related to 



the acceleration hy_L 
- 2 a x . ( 4 ) 


A further useful permutation produces the form: 

t / . 4 ( V a t - X ) X a 

a Av— • 


Now, given a light sail system capable of achieving 
a speci fied., acceleration , we can. choose a star at dis- 
tance X, specify an acceptable trip time, t, and calculate 
the needed .velocity. We can then, back-cal cul ate through 
equations -2 and 3 to obtaih-the need.ed laser range Xa 
and irradience t i me , t. fl . Alternately., we can. decide on. 
a maximum range- and then calculate the other parameters. 

The achievable acceleration is directly reflated to 
the del i verable . 1 aser power, , by the radiation, pressure: 

Radiation Force 2 ma = 2.P| 

~~ c 


To achieve more acCcl-erati an , there are only two choices: 

1 . In ere a s e~t he. la s eji_p 0 w or. 

2. Decrease the mass of the system. 


Since the sail will always__be operated at the maxi muni 
possible Irradiance, which we .have assumed to be 10° 
w/m”, any Increase in laser . power will necessitate an. 

Increase In. sail area. It might seem that the large 

sail might outweigh other disadvantages. From -equati on 

5, the radiation force per unit area (i.e. pressure) is given by 



where I is the irradiance Intensity. This gives 

F fl = 6700 Newtons/km 2 _ 

6 2 

for 10 w/m (ajain calling attention to the ignorability 
of the 60 Newton/km” back pressure). Out there ..is an 
as.yni.pt oti c effect, because ..the mass of the sail, in- 
creases as the square of its dtajneter. - It turns out . 
that,, for a fixed intensity, increasing the sail area 
cannot possibly help- the. Situation by more than a ..factor 
of ^5 , but this will be- bough t„..„at a large price because 
of the .greatly i nc reased. ..1 ase r power, requi red. This can 
be .seen. clearly by rewriting equation 5. in terms of the 
separate payload mass, nip, and sail mass, m s , as follows: 

a = 2 . P L 

(m p +m s ) c (6) . 

Then we can state in terms of the irradiance, I» and 


the sail area, A: 




Further, we can relate the total sail mass, m s , to the 
mass pep unit apea, m‘ by. 

m S * »; A - (8) 

So now, upon Substituting equations 7 and.fi Into 6 , we 


max 


21 A 

("nip + in A) c 


(9) 


If we allow the sail area to become ...very large, 
equation 9 approaches the limit 


a = ^4— * (10). 
in 1 c 
s 

Thus, the functional behavior is as shown in figure 
4. . If we adopt as a compromise a Sail having total 
mass equal to tfie instrument probe mass., we find that 

a = - a m a x • 

This ppovides a crude optimization (op the apportion- 
ment of payload and sail mass. 

Another matter which- is worthy of. consideration, is 

the efficiency with which kinetic energy is transferred 

to. the sail, hy the las.er. The force on the sail, con-, 
sidering perfectly elastic recoil encounters-_of .photons 
with the sail Surface, is given by 


ivhene hv/c is the photon momentum and P ^ / ti v 

is the number of photons. Thus w£ can write 

d ? X * 2 P l 

cft r -iilcir. ’ 


Integration gives 

v - £!k t. 

me 

Now, the kinetic energy of the sail is 

2 

E s = -?£ rnv 

Substituting equation 12 into 13, we have 

?. 2 

E s = 2 P L t... 

n 

me*" 

FactO-rJn.g , we see that 

E = ( 2P l t ^ p i t B v # Pt = 8Pt . 
s " ' me / c c 



This simply says that the kinetic energy, of the .saiJ at 
any time— is. proportional both to the velocity and to the 
total energy,. Pt, transmitted by the laser. One way to 
visualize this result is to think of a photon in the 
instant of encounter wi th the sail: Because the sail is 

moving rapidly away, the photon is redshifted in the en- 
counter proportional to the Sal 1 . vel oei ty ; and, hence, 
more energy is transferred per encounter at high speeds 
than at 1 ow speeds . 



Now we hav^ aU of the Ingredients necessary for 
a unified treatment of the entire laser light sail 
problem.. For. completeness we s.h a 1 1 inctu.de a. -parameter., 
N, w.hlch.is called "beam duality", This, t erm expresses 
Imperfections of the beam as a multiple of the diffrac- 
tion 1 i mi ted spot, size., A beam quality of 2, which 
is. typical of excellent performance in prese.nts.day HELs , 
indicates that the best focal spot Is twice as large 
as the theoretical .optimum. 

Consider a Gaussian beam for which the Intensity,. 

I, at any. point in the focal spot is related to. tlie 
intensity on the center line, I c , by 

I * I e -(r/a) 2 ' 
c 

T included power within a radius r is then 

r 

P 1 = J* I2nrdr ^ ira 2 I c [l-e “( r / a ) 2 J 
0 

= p Q. e -(ri.a.) 2 ] (14) 

For a focussed beam having an Initially uni.form cross- 
sectional area A and beam quality N, the power collected 
by a. sail of area.J\ s at range R would then be: 


a 





Thus, this formulation yields the proper behavior Ip. 
both the near and far fields of the projection aperture, 
For the case In question, P » I 0 A S , where I 0 is the 

maximum allowable-intensity based upon the heat re- 
jection characteristics of. -the Sail. 


the dynamics Of the problem are -described by 

F = ma - 2 P' - 2 P -fl - o 

c c L A R N 


2 P' - 2 P 
c c 


s (mp + ni' s . Ac ) 1 dy ' 
2 dR 


( 16 ) 


where nig Is define.d as the mass of the sail per unit area. 
It is assumed that the focussing is continuously adjusted... 
to its optimum value. . Equation 16 then leads to 


XNC (m + m ' A )V : 
P . s s 


2 PM 


l-e“ x dx 


A<A-r 

,\ ;: R 2 Ni 


2 (i- e -X) -+ 2 fv erf c^T=i> 


2/Jx, x-* °° 


r 2 F, x-* o 


(17) 


Here we have set x * A s A/aVn\ Equation 17 now contains 
all-of the. important parameters. The- behavior is shown 
in Figure. 5. ..Several important features should be noted: 

(1) Were-the Sail to be irradiated to infinite range, 
half the final energy (i.e. 71% of the final 
speed) would have been -imparted in the near field, 
i.e. for R</MVAN. Consequently, there is little 


point in i rradi a t i on 


near field. 


V 


Figure 7 TRIP 10 ALPHA CENTAUR I (R = lO^KM) 



(2) With fixed power arid aperture .per laser (o.g. 
with STAG typ.e devices Illustrated In Figure 
2), the required nuiiih^r-df lasers Is propor- 
tional to the square o f the Intended termi nal 
vel ocl'ty , 

(3) Holding other parameters fixed, the laser — 
power and the sail-area are both proportional 
to the fourth ..pow e.r of the. terminal velocity. 
Thus, If speed requi rements . can be relaxed, a 
Substantial saving in laser complexity and 
cost can be real i zed . 

The. last point. can be clarified as follows. 

Neglecti ng . the mass of the payload (for simplicity), and 
starting from 

F s ma = mdv = m dv Z = 2 _ <l) A (18) . 

d.t 2 dR c 

where (i) is. the mean intensity on the sail, we have 

1 <&f *. . . ! i|L . ng) 

OR c C m's 


Then , 

V 2 > i 11) R 

c ra. 

(20) 

But 

.. i 

XM 1 


at the 

near-field, limit. 



Put-ting A s = P_ 


we get v 


O) 

4 <T> 


I AP 

or 


N 



cmpTN 

then AP<I> v ‘ 

4 - 

Therefore P * v 

In. Figure 6,. all. of tb.e foregoing wisdom IS drawn 
together to show lasec_and Irradiation range requirements 
versus attainable final speed. For this example we h.ave 
adopted the constants di seussed In the f oreg.oi ng. text : 

I-o. " 10 6 watts/m 2 , nig = 10 3 kg/kni 2 , N 18 2 , and ^ = 0.5^m. 

A final analytical point that must be. made is that 

it is_ not. possible- to stop an interstellar light sail 
probe by. using natural 1-igh from the target Star or. 
Interstellar gas— drag to retard the. sail 's motion. .The 
use of Starlight is intuitively impossible because the-- 
laser accel e rates -the probe by imparting hundreds of solar 
constants of radiant flux for a .year or more. This can- 
not be undone i n. an. encounter with a star which, lasts only 
a tew hours at best. -- In Section Il-B we have already 
shown., that J nte.rstel l ar drag forces are negligible during 
the acceleration of the .sail. That they .continue - to be 
negligible throughOut_.the flight and do not integrate to 
any significant amount can easily .be shown: ... 

Giver, that the to-tal drag farce is. Dv 2 (wh.ere D has. 

2 -2 

units of NewtOn sec meter ) ,...the equation of motion is 



1 nUnj.iMt i on \i i v e s 1 li o time t o ili'Oi'lora to from the initial 
vel oci ty V_ t o a f i n a I v ft 1 o e 1 ty V o : 



Any reasonable combination of payload, sail area and 
initial velocity Olivos deceleration times an the order 
of a mill ion years.. A corol.ia.ry . IS that a close approach 
t. o A St a r t o u t i 1 i z e "Stella r w i h d. " ' d r a w i 1 1 a 1 S .0 he 


utterly futile as a 



IV. CONCLUSIONS 


It is now possible to Summarl ze.. the conclusions of 
this Study in terms of "practical" examples. Figures 7 
and 8 show travel times versus laser parameters for various 
payloads. Figure 7 applies to a one-way flyby probe to 
a Centauri, while Figure 8 represents voyages to the planet 
Saturn during, which the sail vehicle is accelerated for 
the. first half of. the trip and decelerated for the second 
half by a laser system at Saturn. In all cases, it is 
assumed that half of the mass, of the vehicle is ixi-the 

Sail and the o.t.her half is in the payload.,, as suggested by. 

the d i S cuss i oh — on page 2.1 (c-f. -ig.4). 

The a. Centauri probe_mi Ss ton is Seen to be extremely 
difficult. Foji._a 1000 kg payload to teach the. star in 22 
years (i.e. V a = 0.2c), The laser-projector must have a power- 
aperture product of ^1.6 x IQ 8 6W.t.km 2 .. Thus a 1000 GW 
laser system would require a nearly fi.lled projection 
aperture of dJ?ea 1.6 x 10 s . km 2 '. This corresponds to a total 
aperture diameteit-of 450 km. The n - ear-field f-ocuS would luu/e 
to be main-lai ned _to a— range of a- 3 x 10 ll .km. If the trav.el 
time could be relaxed .to 60 years, 10 ,.000 kg could be launched 
by a 1000 GW laser system ha-ving a diameter of "only" 142 km. 
Still better,. a 60 year missi on fo r a 1000 kg payload would 



roi]ii i re only a 41' km pro jeot 1 on a p o rt tiro f e r tho_HUV0 (1W 
la^or system. (In all cases a b o ant quality of N is 
ait sumo it ) „ . 

k'hilo the. results for -f lie. Interstellar .probe mission 
can scarcely ho cal 1 od - encou rap i np , tho poss i h 1 Uti os for 
u s 1 n q... 1 1 q IV t . sails t: o fm p 1 o mo n t. col o n i a t: i o n o f t h o sol a n 
sys tom a no very e.xcitiiip indeed. ripu.uo 8 shows that uia.OOO _ 
kq payloads can ho delivered to Saturn i-rt 40. days by ^ 100 OW 
laso.n system foej.ti no an effective aperture only io km -in-— 
diameter, this is well wi thin ~rahpo of the capabilities of 
tho Si Ao system which has been proposed hy cite of the present 
authors ( J.P.e.R.) tor power transmission from peosynch rohonS 

oihit. to the earth and moon.. In the example of lipure ;> . it 

is assumed that. a_laser System has been established itv orbit, 
around Sa.tum's s-atel 1 ito 1 i tan to decelerate incominp vehicles 
and acceUvrate. return vehicles to tho i;arth. Such a system coul 
bo. moved to Saturn by S-low doprees tisinp the dynamical principle: 
of solar Sailing. Perhaps, tho lasers themselves could provide 

the hooded thrust to achieve the needed orbits. 

In all of the foregoing work we have attempted to romain- 
alert to fallacies which would re lop a to las-or light sails to the 
category ot impossible dreams. Although it is clear that wo 
are conceptual i .H nq techno 1 op i es which push well bo vend what 



is presently possible, we have, not found any limitations 
of the reduotio ad abauvduin sort. If~we are willing to... 
accept the possibilities of very high laser power and very 

large, very precise projection s-tructures , the possibilities 

seem re.alistic, particularly for efficient transportation, 
within the solar system. A critical technological problem 
that muat be solved, however, is, the phase-1 Ocktng of 
large numbers, of freely moving subcomponents of the synthesized 
projection aperture. Given sufficient time and incentive, we 
feel that it is safe to assume that this can be accomplished. 
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FIGURE 2 . CONCEPTUAL VIEW OF A STAG DEVICE 
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